Cu/dielectric hybrid bonding at low temperatures of no more than 200 • C remains challenging because of the different features of CuCu and dielectric-dielectric (such as SiO 2 -SiO 2 ) bonding. This paper reports a combined surface activated bonding (SAB) technique for low-temperature Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x bonding. This technique involves a combination of surface irradiation using a Si-containing Ar beam and prebonding attach-detach process prior to bonding in vacuum. Wafer bonding experiments were conducted at either room temperature or 200 • C. Results of bonding strength measurements, transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) observations, and X-ray photoelectron spectroscopy (XPS) analysis were reported and discussed to understand the present combined SAB technique. Low-temperature wafer bonding is one of key enabling technologies for the emerging three-dimensional (3D) integration of microelectronic/photonic systems.
Low-temperature wafer bonding is one of key enabling technologies for the emerging three-dimensional (3D) integration of microelectronic/photonic systems. [1] [2] [3] Among many bonding schemes, low-temperature Cu-Cu bonding and dielectric-dielectric (such as SiO 2 -SiO 2 ) bonding have been extensively studied because of their potentials for high bonding quality and good compatibility with the complementary metal-oxide-semiconductor (CMOS) technology. As an evolution of the Cu-Cu and dielectric-dielectric bonding, Cu/dielectric hybrid bonding promises both direct metal interconnections and enhanced thermal/mechanical stability with a seamless bonding structure during the single bonding process. 4, 5 For instance, Figure 1 shows the schematic diagram of a hybrid bonding scheme for 3D electrical/optical hybrid interface. This seamless bonding structure mainly consists of Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x bonding interfaces. The Cu-Cu bonding interface presents a path for electrical and thermal interconnects, while the SiN x can serve as a Cu diffusion barrier for enhanced reliability and coupler/waveguide (with SiO 2 cladding) for 3D optical interconnects, [6] [7] [8] respectively. Because of the mismatch of thermal expansion coefficients of different materials, bonding at low temperatures of no more than 200
• C is highly desired to reduce the thermal stress and related issues.
However, low-temperature Cu/dielectric hybrid bonding is challenging because of the different features of bonding of Cu and dielectrics. For Cu-Cu bonding, the most widely studied method is the thermo-compression bonding (TCB), which is based on Cu interdiffusion across the bonding interface at elevated temperatures. Various prebonding activation methods, such as wet chemical cleaning and heating in a reducing atmosphere, [9] [10] [11] have been developed to reduce the oxides on Cu surfaces for improvement of the Cu interdiffusion at reduced bonding temperatures. But the TCB method hasn't shown its benefit for SiO 2 -SiO 2 bonding, which is typically based on the hydrophilic bonding mechanism. 12, 13 Researchers at CEA Leti developed a non-TCB technique by making Cu and SiO 2 surfaces ultra smooth and hydrophilic using optimized chemical-mechanical polishing (CMP), which is compatible with both Cu-Cu and SiO 2 -SiO 2 bonding. 4, 14 The bonding is conducted in air within 2 hours after the CMP activation, resulting in a high Cu-Cu bonding strength even at room temperature after 60 days of storage. 15, 16 However, the SiO 2 -SiO 2 bonding strength by using this method is still relatively low after postbonding annealing at 200-400
• C. 4, 17 The possible reason of the low SiO 2 -SiO 2 bonding strength may be related to the presence of interfacial H 2 O. It has been reported that voids are generated owing to the excess H 2 O at the SiO 2 -SiO 2 bonding interface. 18, 19 Furthermore, F. Fournel and coworkers reported that the SiO 2 -SiO 2 bonding strength can be decreased by the * Electrochemical Society Member.
z E-mail: he.ran@su.t.u-tokyo.ac.jp water stress corrosion effect induced by the interfacial H 2 O, which is difficult to remove at temperatures below 500-600
• C.
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Another low-temperature bonding method is the surface activated bonding (SAB) method, which enables bonding of various materials (such as Cu-Cu and Si-Si) in ultra-high vacuum (UHV) at room temperature through prebonding surface activation by Ar atom beam irradiation. 21, 22 However, this method is ineffective for the SiO 2 -SiO 2 bonding. 23 To realize the Cu/dielectric hybrid bonding, A. Shigetou and T. Suga studied a vapor-assisted SAB method, in which the water vapor exposure after Ar beam irradiation terminates the wafers with bridging layers that enable bonding of various combinations of Cu, SiO 2 , and polyimide, in air at 150
• C. [24] [25] [26] However, this method also faces the concern of low SiO 2 -SiO 2 bonding strength due to the water stress corrosion effect and generation of voids owing to trapping of excess H 2 O.
Wafer bonding in vacuum is a promising way to minimize the interfacial H 2 O by enabling desorption of excess H 2 O from the hydrophilic surfaces in vacuum. However, the SiO 2 -SiO 2 bonding conduced in vacuum usually yields even lower bonding strength compared to bonding in air. 20, 23, [27] [28] [29] Recently, we proposed a combined surface activated bonding (SAB) technique to improve the SiO 2 -SiO 2 bonding strength. 30, 31 The combined SAB method involves a combination of surface irradiation using a Si-containing Ar beam and prebonding attach-detach process prior to bonding in vacuum. The Si atoms added in the Ar beam are expected to increase the number of reactive Si sites on SiO 2 surface, while the prebonding attach-detach process is used to enhance the OH adsorption and to remove excess H 2 O prior to bonding. As a result of the combined procedure, high SiO 2 -SiO 2 bonding strength of close to the Si bulk fracture strength has been realized with postbonding annealing at 200
• C. 31 In this paper, we report our new results of Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x wafer bonding by using the combined SAB technique. Wafer bonding was conducted either in UHV after the Sicontaining Ar beam irradiation or in low vacuum after the sequential Si-containing Ar beam irradiation and prebonding attach-detach procedure. Mechanisms of the present combined SAB are discussed based on the experimental results of bonding strength measurements by crack opening and tensile tests, interface characterizations by transmission electron microscopy (TEM)/energy-dispersive X-ray spectroscopy (EDS), and surface analysis by X-ray photoelectron spectroscopy (XPS).
Experimental
Wafer bonding of Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x was conducted by using blanket wafers covered by various films. The Cu film was deposited on a 100-mm p-type Si wafer by physical sputtering, with a 50-nm thick Ti adhesion layer inserted between the Cu and Si. The Cu film has a thickness of 300 nm after a standard CMP step to improve the surface roughness from a mean roughness (R a ) of 1.7 nm to 0.57 nm for a 10 × 10 μm 2 scan as measured by atomic force microscopy (AFM). The SiO 2 film used for SiO 2 -SiO 2 and SiO 2 -SiN x bonding was thermally grown on Si wafer and has a thickness of 100 nm. The SiN x film used for SiO 2 -SiN x bonding was deposited on the SiO 2 by using plasma-enhanced chemical vapor deposition (PECVD) and has a thickness of 100 nm.
The process flow of the present combined SAB technique is illustrated in Figure 2 . Wafers were loaded into an UHV chamber without any wet cleaning and pre-annealing. After evacuating the chamber to 5 × 10 −6 Pa, the wafers were irradiated by the Si-containing Ar beam, by using a modified Si-walled atom beam source, at a power of 1.0 kV × 100 mA. After surface irradiation, the bonding was conducted in two ways termed as UHV bonding and hydrophlic bonding, as shwon in Figures 2a and 2b , respectively. For UHV bonding, the as-irradiated wafers were directly bonded in the UHV chamber at room tempeature and under a bonding pressure of 2.5 MPa for 5 min, and then the wafers were unloaded and the bonding process is finished. For hydrophlic bonding, the as-irradiated wafers were transported into a vacuum chamber with a pressure of 10 −2 Pa, which was subsequently purged by humid N 2 with a bubbling system, at flow rate of 100 cm 3 /min, to around 3 kPa. The chamber were then further purged to atompspheric pressure by dry N 2 . The wafers were unloaded from the chamber and cleaned by pure water, dried by spin-drying and N 2 gas. The wafers were then prebonding-attached, i.e., brought into contact, in air at 40% relative humidity without external forces. After storage in air for a certain time, e.g., more than 10 min, the attached wafers were loaded onto the lower electrostatic bonding chuck inside a bonding chamber. The wafers were prebonding-detached in vacuum of 10 −2 Pa by the electrostatic forces of the bonding chucks, and then bonded in vacuum under 2.5 MPa and heated at 200
• C for 30 min. Postbonding annealing at 200
• C was finally carried out in batch for 2 hours at atomospheric pressure. Since the bonding equipment was placed in a non-cleanroom environment, only well-bonded regions without obvious particle-induced voids were selected by using the scanning acoustic microscope (SAM) and evaluated in the following characterizations. Bonding strength in terms of surface energy (γ) was measured by the crack opening method.
32 Infrared (IR) imaging was used to measure the crack length in the SiO 2 -SiO 2 and SiO 2 -SiN x strength measurements. Because it was impossible to insert the blade into the edges of all the Cu-Cu bonded wafers without breaking the Si substrates, crack length measurements (by such as SAM) were not necessary and the Cu-Cu bonding was estimated to have a surface energy around the Si bulk fracture energy of 2.5 J/m 2 . The bonded wafers were also diced into specimens with size of 10 × 10 mm 2 and then glued onto equally sized pulling studs for tensile tests. Tensile strength was recorded and the fracture surfaces were observed by optical microscope. For CuCu bonding interface observations, bonded specimens were thinned by the JEOL EM-09100IS ion slicer and inspected by the JEOL JEM-ARM200F TEM at an acceleration voltage of 200 kV. EDS analysis was performed by using the JEOL JED-2300T analyzer equipped with a silicon drift detector with a detection area of 100 mm 2 ; the electron spot size was about 1 nm. Surface analysis by XPS (JPS-9200T, JEOL) was used for detecting the presence/absence of Si on the Cu surface after the Si-containing Ar beam irradiation. Non-monochromatic Mg Kα X-ray source (photon energy of 1253.6 eV) operating at 100 W was used for the photoelectron excitation from the specimen surface within several nanometers in depth. Wide scan was performed with a 100 eV pass energy and a 1.0 eV step; narrow scan was performed with a 20 eV pass energy and a 0.1 eV step. The elemental sensitivity of the XPS analysis is about 0.1 at.%.
Results and Discussion
UHV bonding at room temperature.-Bonding strength in terms of surface energy (γ) of the Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x pairs bonded in UHV at room temperature is shown in Figure 3 . The Cu-Cu bonding has a bonding strength close to the Si bulk fracture strength of 2.5 J/m 2 , since fracture occurred in the Si bulk during the crack opening test. The SiO 2 -SiO 2 bonding strength is around 0.5 J/m 2 , which is higher than that obtained by using the conventional SAB method (less than 0.1 J/m 2 ) but lower than that using the deposited Si intermediate layer (>1.0 J/m 2 ). 23, 33 The SiO 2 -SiN x bonding strength of 1 J/m 2 is higher than the SiO 2 -SiO 2 bonding strength. Postbonding annealing at 200
• C for 2 hours results in no significant change of the bonding strength of all the bonded pairs.
To determine the microstructure of the Cu-Cu bonding interface, TEM and EDS experiments were conducted. Figure 4 shows the TEM image of the bonding interface without any visible voids. The clear interface indicates absence of obvious recrystallization and Cu grain growth across the bonding interface. This behavior is consistent with the conventional SAB but different from the atomic diffusion bonding that is conducted immediately after film deposition in UHV. 22, 34 The difference is probably because the Cu film used in this work has a small self-diffusion coefficient, which is dependent on the orientations of the Cu grains. Results of elemental analysis of three different positions, i.e., the bonding interface, Cu bulk near the Ti layer, and the Ti layer, by using EDS are shown in Figure 5a . It can be seen that all the spectra show very small peak of O at the level of contaminants, implying an O-free Cu-Cu bonding interface. Figure 5b shows the detailed Si profiles, exhibiting no significant difference at the three different positions. All the Si peaks are very small, which are from contaminations from the Si substrates during the ion slicing for the TEM/EDS specimen preparation.
The XPS analysis confirmed the absence of Si atomic layers on the as-activated Cu surface. Figure 6a shows main XPS peaks from Cu and small peaks from O, which is owing to re-oxidation and contamination during the sample preparation and transport in air. Figure 6b shows the narrow scan of the Si 2p region. The absence of peaks indicates the Si species such as Si and SiO x on the as-activated Cu are less than the 0.1 at.% sensitivity of the XPS analysis.
Hydrophilic bonding at 200
• C.-Bonding strength of the CuCu, SiO 2 -SiO 2 , and SiO 2 -SiN x pairs bonded through the hydrophilic bonding approach is shown in Figure 7 pairs as-bonded at 200
• C for 30 min exhibits bonding strength of 2.5 J/m 2 and 0.5 J/m 2 , respectively. Figure 8 shows an optical image of one fractured surface of a Cu-Cu as-bonded sample after the tensile test with measured tensile strength above 20 MPa. The fracture mainly occurred at the Si-Ti interface and inside the Si bulk, but not at the bonding interface. After postbonding annealing at 200
• C for 2 hours, the Cu-Cu bonding strength remains unchanged and the SiO 2 -SiO 2 bonding strength increases to 2.0-2.5 J/m 2 , respectively. The SiO 2 -SiO 2 bonding samples fractured mainly at the bonding interface after the tensile test, with a measured tensile strength above 10 MPa. The bonding strength of the as-bonded SiO 2 -SiN x pairs was not measured. After the postbonding annealing, the SiO 2 -SiN x bonding strength was measured to be around 2.5 J/m 2 . It was so strong that Si bulk fractured and SiO 2 /SiN x films were transferred from one side to another after the tensile test, as shown in Figures 9a and 9b , respectively.
TEM and EDS measurements were also employed to investigate the Cu-Cu interface obtained by the hydrophilic bonding. Figure 10 shows the TEM image of the Cu-Cu bonding interface after the postbonding annealing. It can be seen that the interface mainly consists of portions without interlayers, with a thin CuO x interlayer, and with some voids (in bright). The chemical compositions of the different positions of a bonded sample analyzed by EDS are shown in Figure  11 . It confirms the presence of both low-O and CuO x interfacial portions at the bonding interface. We estimated that around 75% area of the bonding interface is low-O by the TEM observations. The low-O interface contains even less O than in the Cu bulk, which is considered to be owing to some contaminants adsorbed on the Cu bulk area during transportation of the specimen from the ion slicer to TEM/EDS. The ratio of the numbers of Cu and O atoms at the CuO x interfacial region is around 1:0.78. The amount of Si atoms (Si/Cu ratio ∼0.03/1) is at the contaminant level at all the EDS analyzed points, which is consistent with the EDS and XPS results shown in Figure 5 and Figure  6 , respectively. Figures 12a and 12b shows the high-resolution TEM images of the low-O and CuO x interfacial portions, respectively. It can be seen that the CuO x at the interface is amorphous and around 6-nm thick. The formation of low-O interface is owing to diffusion of the interfacial Cu and O species, which is consistent with previous studies. 4, 35 Comparing to the result of Cu-Cu bonding with a 15-nmthick O-containing bridging layer having a electrical resistivity of around 4 × 10 2 ) compared to the conventional SAB. 23 This implies that the Si-containing Ar beam irradiation may modify the SiO 2 surface chemistry with increased Si bonding sites terminated, besides physically removing the surface contaminants. However, the SiO 2 -SiO 2 bonding strength of 0.5 J/m 2 is lower than the value of >1.0 J/m 2 obtained by bonding with the deposited Si intermediate layer. 33 This can be because the absence of coverage of Si atomic layers on the as-activated SiO 2 surfaces. Monte Carlo simulations by using the stopping and range of ions in matter (SRIM) program showed that Si ions with energy as low as 20-100 eV can be even subplanted into the 0.45-1.50 nm depth range on amorphous SiO 2 surface. 31 We suggest the Si-containing Ar beam irradiation modifies the SiO 2 surface to have a Si-enriched (SiO x ) chemistry owing to the simultaneous surface sputtering and Si subplantation effects, instead of Si deposition. The SiO 2 -SiO 2 and SiO 2 -SiN x bonding in UHV is attributed to the Si dangling bonds on the mating Si-enriched surfaces. The higher bonding strength of SiO 2 -SiN x than SiO 2 -SiO 2 may be explained by more Si bonding sites on the as-activated SiN x , resulting in greater number of paired Si-Si bonds across the interface.
Also, the SiO 2 with Si-enriched surface is very reactive for termination of Si-OH bonding sites for hydrophilic bonding. This can be implied by our previous results showing that the hydrophilic SiO 2 -SiO 2 bonding strength was 0.45-0.79 J/m 2 and around 1.3 J/m 2 , by using the conventional Ar beam and the Si-containing Ar beam irradiations, respectively. 29, 31 Furthermore, the prebonding attach increases the number of Si-OH sites further through interactions between the trapped H 2 O and the wafers, as discussed in detail elsewhere. 31 The prebonding detach releases the trapped H 2 O molecules, leaving the surfaces terminated with the Si-OH sites. As a consequence, high surface energy of 2.0-2.5 J/m 2 is obtained for SiO 2 -SiO 2 and SiO 2 -SiN x bonding as the Si-OH sites transformed to interfacial Si-O-Si bonds after 200
• C postbonding annealing for 2 hours. For the Cu-Cu UHV bonding, the bonding is realized mainly through the direct metallic bonds between the clean surfaces. TEM observation shows the Cu-Cu bonding interface is very similar to that obtained by using the conventional Ar beam activation, without any signs of Si species at the interface. 22 The absence of Si species was confirmed by the small Si peaks at contaminant level in the EDS results ( Figure 5 ) and absence of Si peaks in the XPS result ( Figure 6 ). This phenomenon is considered to be because the Si atoms in the Ar beam are more difficult to be subplanted onto Cu than onto amorphous SiO 2 and re-sputtering of the Si from the Cu surface can be enhanced because of the preferential sputtering effect. 36 In the Cu-Cu hydrophilic bonding, the as-irradiated Cu surface is oxidized and covered by adsorbed OH/H 2 O during exposure to humid N 2 /air and prebonding attach, as illustrated in Figures 13a and 13b , respectively. The trapped H 2 O molecules between the prebondingattached wafers are released by prebonding detach in vacuum, as shown in Figure 13c . Cu-Cu bonding is then conducted in vacuum, without H 2 O and gases trapped at the bonding interface, as shown in Figure 13d . Comparing to the bonding of clean Cu in UHV at room temperature, elevated temperature is needed for bonding of Cu films covered by Cu oxide/hydroxide. 22, 24 During heating and annealing at 200
• C, the Cu-OH sites are converted into Cu-O-Cu bonds across the interface forming a CuO x interlayer (Figure 13e Figure  13f ). The generation of voids may be owing to accumulation of the by-produces (H 2 O and H 2 ) generated during conversion of Cu-OH into Cu-O-Cu and/or atomic vacancies during Cu/O diffusion (e.g., unbalanced diffusion of Cu and O atoms/ions), which needs further study in future.
Conclusions
A combined SAB technique using Si-contaning Ar beam irradiation and prebonding attach-detach was investigated. The effectiveness of this technique for bonding of Cu-Cu, SiO 2 -SiO 2 , and SiO 2 -SiN x bonding has been shown. High bonding strength were achieved at either room temperature or 200
• C. The UHV bonding at room temperature by using the Si-containing Ar beam irradiation has advantages of O-free Cu-Cu bonding interface and no need of elevated-temperature process; the hydrophilic bonding by combining the additional prebonding attach-detach provides enhanced SiO 2 -SiO 2 and SiO 2 -SiN x bonding and achieves good Cu-Cu bonding containing low-O and ultrathin O-rich interfacial portions at temperature as low as 200
• C. Therefore, the present combined SAB holds promise for Cu/SiO 2 and Cu/SiO 2 /SiN x hybrid bonding for 3D integration applications.
